Abstract Goethite (a-FeOOH) nanorods were synthesized via the hydrothermal method with the assistance of coordinating ligands, i.e. ethylenediamine and thiourea. The homogeneity of the nanorod size distribution increased and the propensity to agglomerate decreased when ethylenediamine and thiourea were used in conjunction; contrary to goethite synthesis in the presence of a single ligand. The type and mode of structure-directing plays a critical role in the morphology of the final products. When using thiourea only or in combination with ethylenediamine, nanorods and nanoparticles of various morphologies were formed. Conversely, when exclusively using ethylenediamine, in addition to the nanorods, fine needles with a significantly smaller diameter were discernible. With all combinations, structurally uniform a-FeOOH nanorods were formed. This improved nanorod formation in the presence of both ligands might be attributed to a more ordered alignment and regular conformation of ethylenediamine molecules in the presence of thiourea and thus less susceptibility to thermal perturbations. Finally, higher concentrations of ligand influence the final product and increases particle aggregation.
Introduction
Over the past decade, the synthesis of metal oxide nanostructures as well as the exploration and characterization of their unique properties has been the subject of intense research. Their exceptional properties can predominantly be attributed to their mesoscopic size, their special shapes and not in the least their chemical composition. Size and shape at the nanoscale in particular determine a myriad of chemical and physical properties and allow the tunability of some of these (Laurent et al. 2008; Michalet et al. 2005; Roduner 2006 ), e.g. the photophysical properties of noble metal nanoparticles and semiconducting quantum dots are size and shape dependent. The extraordinary properties of nanostructured materials offer an enormous potential for realizing nano-scale applications in electronics, optics, mechanical devices and catalysis (large surface-to-volume ratio).
Considerable efforts have been devoted to the engineering of nanostructure materials and the control of their size and shape through methods such as electro deposition, controlled chemical reactions, laser ablation, sol-gel synthesis, homogenous precipitation and hydrothermal methods (Guifu et al. 2006; Laurent et al. 2008; Salavati-Niasari et al. 2009 ). Among the many methods that were developed for nanostructure fabrication, the hydrothermal synthesis method excels, because it offers systematic and controllable synthesis of low-dimensional nanostructures. Furthermore, this method does not require high temperatures and consequently can be carried out at relatively low temperatures in the range from 70 to 90°C, and allows the synthesis of multiple crystalline and even amorphous nanostructures. Using water as an environmentally friendly solvent, this synthesis approach allowed the formation of the most favourable and desired crystalline phase due to the special properties of supercritical water, which facilitates one-dimensional nanostructure growth through anisotropic bonding in the crystallographic structure (Guifu et al. 2006) .
The hydrolysis of Fe(III)-salt solutions has extensively been investigated with the aim to provide a better insight into the mechanisms underlying the hydrolysis of metal cations in general. The nature of foreign anions, organic molecules and polymers present in the aqueous solution directly affects the phase compositions of the precipitates formed by the hydrolysis of Fe(III)-salt solutions (Ristić et al. 2006) . One-dimensional (1D) a-FeOOH nanostructures (goethite) with their anisotropic morphologies have outstanding physical and chemical properties, especially distinct and tunable (super)magnetic properties, which are quite different from their bulk counterparts (Cui and Lieber 2001; Li et al. 2002) . Stimulated by theoretical considerations on the numerous potential applications, many efforts have been directed towards the controlled fabrication of 1D a-FeOOH nanostructures. Furthermore, iron (III) oxide hydroxides, such as a-FeOOH and c-FeOOH (lepidocrocite) have been used as magnetic recording materials, catalysts, sorbents and a myriad of other applications. Goethite and lepidocrocite are the most common forms of iron (III) oxide-hydroxide and both crystallize in the orthorhombic system and are commonly found in iron minerals in soils. Furthermore, these iron structures are abundantly found in aquifers (underground layer of water-bearing permeable rock or unconsolidated materials) where they act as sorbents for radionuclides and other hazardous elements migrating into ground waters (Ristić et al. 2006; Shao et al. 2007) .
Recent reports in the literature show a number of different approaches to the synthesis of goethite nanorods (a-FeOOH). For instance, Tang et al. synthesized goethite nanorods at room-temperature by reacting iron sulphate (FeSO 4 Á7H 2 O) with anhydrous sodium acetate (CH 3 COONa) and subsequent hydrothermal treatment (Tang et al. 2006) . They found that CH 3 COO -played a central role in the formation of the nanorods (rolling-broken-growth model) and their final morphology, because the carboxyl group facillated the formation of one-dimensional nanostructures through its coordination ability. Krehula and Musić reported on the fabrication of acicular a-FeOOH particles in highly alkaline medium by using tetramethylammonium hydroxide (TMAH) as a precipitating agent for Fe 3? ions (Krehula et al. 2002) . They determined that the ratio of the length to the width of the nanorods depended on the temperature and concentration of the starting FeCl 3 solution. In addition, the multidomainic character of the a-FeOOH particles gradually decreased with increasing temperature and ageing time. Conversely, Yue et al. synthesized onedimensional goethite nanostructures by a simple hydrochemical method in the presence of cetyltrimethylammonium bromide (CTAB) and a variety of other surfactants (e.g. AOT, TEAC, SDS) under mild conditions (Yue et al. 2011) . The electrostatic energy of the functional groups strongly influenced the interaction between the used surfactants and the goethite surface and therefore the final outcome. In another approach, a-FeOOH nanorods with average diameter of 30 ± 5 nm and average length of 600 nm (aspect ratio & 20) were synthesized by Zhang et al. via an ethylenediamine-assisted route at low temperature (Zhang et al. 2006) . Without ethylenediamine, only spherical nanoparticles were formed, which indicates the importance of the presence of a stabilizing ligand, such as the bidentate ethylenediamine. Excellent overviews on template-assisted synthesis of one-dimensional nanostructures were recently provided by Lee and Li and their respective co-workers (Lee et al. 2012; Li et al. 2012) .
With the numerous possible applications in a wide variety of scientific and technological areas in mind, and the aforementioned importance of ligands in controlled crystal growth, we aimed to further investigate the influence of mixed organic ligands on the morphology and size distribution when synthesizing a-FeOOH nanostructures via the hydrothermal method. The prepared a-FeOOH nanorods were characterized via Scanning Electron Microscopy (SEM), Transmission and High-Resolution Transmission Electron Microscopy (TEM and HRTEM), Fourier Transform Infrared Spectroscopy (FTIR) and X-Ray Diffraction (XRD).
Experimental
Goethite nanorods were synthesized by dissolving 11 mmol iron(III) chloride (FeCl 3 Á6H 2 O), henceforward denoted FE, 15 mmol ethylenediamine (EN; C 2 H 4 (NH 2 ) 2 ) and 13 mmol thiourea (TH; SC(NH 2 ) 2 ) in 40 mL deionized water. The mixture was subsequently transferred to a Teflon Ò -lined autoclave of 60 mL capacity, tightly sealed and maintained at 130°C for 8 h, after which the system was allowed to gradually cool down to ambient temperature. The black precipitate was collected by filtration and the filtrate was washed three times with ethanol:water (50:50 v/v). The resulting powder was dried in an oven at 70°C for 5 h. The prepared samples are denoted as FE ? EN ? TH hereafter. To further study the nanorod growth mechanism, the mole content of EN and TH was increased to 30 and 26 mmol, respectively. The synthesis was repeated under the same conditions to produce nanorods with just EN (denoted FE ? EN) or thiourea as a ligand (denoted FE ? TH) for comparison reasons.
XRD signals and FTIR spectra were recorded with a Shimadzu XRD-6000 X-ray diffractometer (Shimadzu, Tokyo, Japan) and a Perkin Elmer 1650 FT-IR spectrometer (Perkin Elmer, Waltham, MA, USA), respectively. Morphological evaluation and measurement of the size, size distribution and crystallinity were performed with a Hitachi H-7100 Transmission Electron Microscope (Hitachi, Chula Vista, CA, USA) operating at an accelerating voltage of 120 kV, a JEOL JSM 6400 Scanning Electron Microscopy (SEM) and a JEOL JEM-2100 High-Resolution Transmission Electron Microscope (HRTEM; JEOL GmbH, Eching b. München, Germany). Samples were prepared for TEM experiments by depositing a drop of the solution onto carbon coated copper grids and left to air dry for 1 day at ambient temperature.
Results and discussion
To determine the purity and validity of the synthesis, samples were examined via XRD. Fig. 1 , which indicates that goethite nanorods of high purity were prepared. The peak at 38.5°for FE ? EN and FE ? TH is significantly larger than other peaks in the spectrum and is indicatory for the fact that the nanorods are longitudinally oriented in the [200] direction. Conversely, the intense peak at 36.5°f or FE ? EN ? TH shows that here the main orientation of the nanorods is in the [111] direction.
To analyse the prepared products further, FT-IR spectra were recorded, as shown in Fig. 2 . Generally, the spectrum of each sample shows the presence of the a-FeOOH crystal structure and thus confirms the XRD results. The presence of sharp and intense peaks additionally confirms the formation of highly crystalline particles. The very strong and broad IR band centred around *3,111 cm -1 is due to the presence of the OH stretching mode in a-FeOOH, whereas the shoulder at 3,319 cm -1 can be assigned to the stretching modes of surface H 2 O molecules or to the envelope of hydrogen-bonded surface OH groups (Zhang et al. 2006) . Two typical bands of aFeOOH recorded at *890 and *788 cm -1 can be assigned to Fe-O-H bending vibrations in a-FeOOH. The absorption bands below *568 can be attributed to Fe-O stretching vibrations. It was suggested by several researchers that an intense IR band around 580 cm -1 was influenced by the shape of the aFeOOH particles and for acicular a-FeOOH particles, the position of this IR band varied between 640 and 619 cm -1 Krehula et al. 2002) . In the present work, this IR band was recorded around 550 cm -1 depending on the ligands used. In addition, two strong absorption bands at 1,643-1,602 (NH 2 bending mode) and 719 cm -1 (C=S stretching mode) indicated adsorption of TH and/or EN on the surface of the a-FeOOH nanostructures. In FE ? TH, the peak at 1,405 cm -1 may be assigned to C-N stretching in TH.
Morphological assessment of the synthesis products was performed via electron microscopy. The TEM micrographs depicted in Fig. 3 show that irrespective of the organic ligand or mixture used, aFeOOH nanorods were formed, albeit with varying dimensions and size distributions. Nonetheless, visual evaluation of a large number of samples showed that in the presence of both EN and TH, significantly less aggregation and a higher degree of homogeneity in the size distribution compared with synthesis in the presence of either ligand alone occurred (Fig. 3a vs.  b and c) .
High-resolution TEM imaging provided further information on the crystallinity of the produced nanorods. As observable from Fig. 4 , the formed aFeOOH nanorods were structurally uniform with inter-planer distances of d (111 (111) and (021) crystal planes of the orthorhombic a-FeOOH. Furthermore, the blurred edge of the nanorods indicates that the nanorod's centre is more crystalline than the edge, which is indicatory for faster growth rate along the b-axis.
Morphological observations were further investigated by evaluating the samples via SEM, as depicted in Fig. 5 . Overall, the SEM images in Fig. 5 corroborate the observations in the TEM images (Fig. 3) . However, the SEM micrographs and the pseudocolouring of the enlargements allow a better evaluation of the nanocrystal morphology and show that various forms are present, e.g. compact facetted rods (pink), long thin needles (yellow) and either compact facetted semi-cubic, spheroid, or flat plated forms (light blue). In the presence of EN ? TH and TH alone, rods and discs/spheroids are discernable. In contrast, when using EN alone, additionally fine needles with an average diameter of 16.4 ± 7.5 nm are formed. The average dimensions for a-FeOOH nanorods in EN ? TH, as determined from TEM are: L average : *155 ± 45 nm; d average : *19 ± 8 nm and for EN alone: L average : *217 ± 78 nm; d average : *62 ± 46 nm. When disregarding the compact structures in the EN synthesis, nanorods with average dimensions of L average : *260 ± 61 nm; d average : *34 ± 13 nm are formed. What may also be noticed from the TEM images in Fig. 3c is the fact that the presence of TH alone as a coordination ligand promotes a more irregular crystallization, as deducible from a more erratic nanorod form. Clearly, the presence of the organic molecules directly influences the final product. EN is a bidentate ligand and can form relatively stable distorted octahedral Fe 3? -EN complex structures, which may serve as molecular templates during crystals growth (Li et al. 1998) . Equally, TH contains nitrogens as functional groups that interact with the goethite surface. When sodium acetate is used as a template in nanostructure synthesis, interaction of the growing crystal with the carboxyl group results in a coordination that favours the formation of one-dimensional nanostructures (Nie et al. 2004; Peng et al. 2000) .
In addition to the organic coordinating ligand, the concentration markedly affects the crystallization process and, above all, the product's propensity to agglomerate. When doubling the mole content of EN (15 ? 30 mmol) or TH (13 ? 26 mmol), a notably higher degree of agglomeration of the synthesized nanorods occurs, as shown in Fig. 6 . However, in the case of EN, the extent of the agglomeration is significantly larger and accompanied by non-homogeneity in the size of the nanorods (Fig. 6a) .
The reaction temperature and used ligands, and their concentration may play crucial roles in the formation and growth process of a-FeOOH nanorods. Both the temperature and the ligands affect the reactivity, solubility and diffusional behaviour of the reactants. The crystal morphology of the final product in particular depended on the polarity and coordinating ability of the solvents. EN and TH are bidentate (Fig. 7b ) and can react with metal ions to form stable coordinated organometallic compounds. In particular, TH has been widely used to synthesize metal sulphides with various compositions and shapes (Shengyu et al. 2011; Soon et al. 2007) . Previous investigations have shown that TH decomposes to urea and hydrogen sulphide at elevated temperatures according to the following reaction equations:
Since these reactions, as well as the hydrolysis of EN (Eq. 4), can be controlled by regulating the temperature, the pH of the mixture will gradually change. Consequently, the pH of the solution increases uniformly, until a suitable value is reached that induces the formation of an embryonic a-FeOOH nanostructure and subsequently leads to condensed phase growth (Fig. 7) . It should be pointed out that local non-uniformity of the pH in the solution makes the size of the precipitates large and diverse (Gaigneaux et al. 2002; Liu et al. 2005) and, therefore, homogeneity must be induced during the growth phase. EN and TH have structures that promote the formation of extensive hydrogen bond networks, i.e. hydrogen-bonded molecular tapes structures in which noncovalent interactions hold molecules in a linear array that is infinite in one dimension are formed, which serve as templates. The a-FeOOH nucleates tend to aggregate around the capping agents due to the minimization of interfacial energy. Furthermore, the thermodynamically favoured [001] axis has a significantly higher surface energy and, consequently, the growth along the b-axis is faster (Zhengzong et al. 2007) . As a result, several primary nanoparticles within reactive distances will grow by Ostwald ripening, which eventually results in the formation of nanorod-shaped a-FeOOH crystals (Zhao et al. 2006; Zhengzong et al. 2007) .
In experiments, we found that the highest homogeneity in the nanostructure morphology and size distribution was obtained when using FE ? EN ? TH. Interestingly, in the case of EN and TH, when these were used individually with FE, TEM images revealed the coexistence of nanorods and nanoparticles. We believe that this difference arises due to the 
Conclusions
Goethite nanorods were successfully synthesized by hydrothermal treatment of an iron (III) chloride solution in the presence of ethylenediamine or thiourea or a combination of both coordinating ligands. The obtained results show that formation of a-FeOOH nanorods in the presence of thiourea is feasible and, to the best of our knowledge, was not previously described. Furthermore, the type and mode of structure-directing plays a critical role in the morphology of the final products. We observed the coexistence of nanorods and nanoparticles of various morphologies when using thiourea only or in combination with ethylenediamine. Conversely, when exclusively using ethylenediamine, in addition to the nanorods, fine needles with an average diameter of 16.4 ± 7.5 nm were discernable.
Even though both ethylenediamine and thiourea can be used in the synthesis of a-FeOOH nanorods, combination of both ligands results in a more homogeneous size distribution (L average : *155 ± 45 nm; d average : *19 ± 8 nm) and decreased propensity to aggregation. Furthermore, structurally uniform aFeOOH nanorods were formed in all cases. The inter-planer distance in the rods synthesized in the presence of both ligands was d (111) = 0.24 nm. This improved nanorod formation in the presence of both ligands might be attributed to a more ordered alignment and regular conformation of ethylenediamine molecules in the presence of thiourea. Conversely, thermal perturbations result in randomized orientations and conformations of the individual ligands. In addition, we also observed that the disposition to aggregate increases with increasing ligand concentration.
